Estrogens are involved in development and maintenance of the female phenotype, germ cell maturation, and pregnancy. They are also important for many other, nongender-specific processes, including growth, nervous system maturation, bone metabolism/remodeling, and endothelial responsiveness (1) (2) (3) . The two major biologically active estrogens in nonpregnant humans are estrone (E1) 1 and estradiol (E2). E2 is inactivated by 17␤-hydroxy steroid dehydrogenase type II to E1, which can be reduced back to E2 by type I of the same enzyme. E1 has 20 -80% of the bioactivity of E2, depending on the assay used (4 -6 ) . E2 is also the predominant bioactive estrogen in premenopausal, nonpregnant women, circulating at 1.5-4 times the concentration of E1. E2 concentrations in men and postmenopausal women are one-tenth of those in premenopausal women, whereas E1 concentrations differ less, which leads to a reversal of the premenopausal E2:E1 ratio (7 ) .
Measurement of serum E2 forms an integral part of the assessment of female reproductive function, including studies of infertility, oligo-amenorrhea, and menopausal status. In addition, it is widely used for monitoring of ovulation induction as well as during preparation for in vitro fertilization (8, 9 ) . These applications account for the bulk of clinical estrogen analyses; E2 is measured frequently and E1 rarely. The E2 assays used are optimized for these clinical scenarios, which place only modest demands on assay sensitivity but require fast assay times and high throughput. However, a more sensitive E2 assay, simultaneous measurement of E1, or both are needed in many other clinical situations. These include inborn errors of sex-steroid metabolism, disorders of puberty, estrogen deficiency in men, and increasingly, therapeutic drug monitoring, either in the context of low-dose female hormone replacement therapy or antiestrogen treatment (10 -17 ) . There is also an increasing research-driven demand for high-sensitivity E1 and E2 assays, e.g., to study breast cancer, male osteoporosis, Alzheimer disease, and cardiovascular disorders (2, 3, 10, 14, 18 -20 ) .
High-sensitivity E2 immunoassays are challenging because physiologic serum concentrations of E2 are typically Ͻ140 pmol/L (40 ng/L) in adult men and postmenopausal women and in both sexes during infancy and childhood. None of the commercially available automated direct E2 assays appears to have sufficient sensitivity for the evaluation of E2 in the sera of children and men. Assays with higher sensitivity are available, but they have traditionally been manual RIAs. Although some of these E2 and E1 RIAs provide better sensitivity, they have several important drawbacks: They require handling of radioactive materials, organic extraction, chromatography, and prolonged incubation. They are sometimes difficult to quality control in a routine laboratory and are very susceptible to artifacts caused by nonspecific binding of radioactivity (21 ) . They may also be subject to crossreactivity and other analytical interferences. Most importantly, there is often very poor agreement among the results obtained by different RIAs, sometimes even assays from the same manufacturer (21 ), making patient follow-up over time or between laboratories, as well as longitudinal studies, extremely difficult. Similar issues are also relevant with regard to automated, chemiluminescence-based, direct E2 immunoassays. College of American Pathologists survey results for the past few years confirm that the performance of direct E2 immunoassays needs to improve with respect to analytical accuracy and detection limit.
E1 and E2 assays based on gas chromatography-mass spectrometry (GC-MS) address many of the shortcomings of automated immunoassays and RIAs, and they are considered to be the most accurate methodology (22 ) . However, sensitivity is often less than what can be achieved by sensitive RIAs, and run times may be longer than 30 min/sample, limiting throughput (22) (23) (24) (25) . Liquid chromatography with tandem mass spectrometry detection (LC-MS/MS) has been shown to be superior to GC-MS in many scenarios, in terms of both sensitivity and sample throughput, and, in combination with isotope dilution, is also considered as a reference methodology (26 -28 ) . In our laboratory, LC-MS/MS-based methods have successfully replaced immunoassays for biological amines and many steroid analytes (29, 30 ) . We therefore aimed to develop a sensitive LC-MS/MS assay for the simultaneous measurement of E1 and E2.
Materials and Methods materials and specimens
We prepared working standards of E1, E2 (both Ͼ98% purity; Sigma-Aldrich), d 4 -E1 and d 5 -E2 (both 98% purity; C/D/N Isotopes, Inc.) by diluting 1 g/L stock standards in phosphate-buffered saline containing 1 g/L bovine serum albumin (Sigma-Aldrich) and 1 g/L sodium azide (Sigma-Aldrich). Calibrators containing E1 and E2 in concentrations of 0, 10, 25, 50, 100, 200, 400, and 600 ng/L were prepared in the same matrix. HPLC-grade acetonitrile and methylene chloride were obtained from EM Science, and dansyl chloride, estriol, estrone sulfate, and ethinylestradiol were obtained from Sigma-Aldrich.
We analyzed all samples on an API 3000 triple-quadrupole mass spectrometer (ABI-Sciex) equipped with an atmospheric pressure chemical ionization source operated at 400°C. The system includes two Perkin-Elmer 200 series micropumps and a Perkin-Elmer 200 series autosampler.
We collected separate serum, EDTA-plasma, and sodium heparin-plasma samples from five healthy volunteers to assess specimen-type suitability and storage stability. We also obtained serum samples from 122 female and 32 male healthy donors to determine reference intervals. These latter samples were either assayed immediately or frozen at Ϫ20°C until they could be tested. Finally, we studied 197 clinical samples received for routine E1 or E2 measurements. Our studies were approved by the Mayo Clinic Institutional Review Board.
sample preparation
Earlier LC-MS/MS multiple-reaction monitoring experiments with negative ion pairs corresponding to underivatized E1 (m/z 269/145) and E2 (m/z 271/145) gave a method with good precision, linearity, and functional sensitivities of 37 pmol/L (10 ng/L) and 370 pmol/L (100 ng/L) for E1 and E2, respectively. We considered this functional sensitivity insufficient for our intended clinical applications, particularly with regard to E2, and therefore pursued derivatization to improve ionization efficiency of E2 and consequently experimental sensitivity. Derivatization with dansyl chloride, as described below, was highly effective and was therefore used for all studies described for the LC-MS/MS method (31 ) .
We aliquoted 0.5 mL of standards, controls, or patient serum into 16 ϫ 100 mm glass screw-cap tubes. To each of these, we added 25 L of a working stock mixture of d 4 -E1 and d 5 -E2, at 5 g/L each, as an internal standard. We then extracted the samples with 6 mL of methylene chloride, removing the upper aqueous layer and transferring the remaining solvent to clean 13 ϫ 100 mm glass tubes. The solvent was evaporated under nitrogen in a 45°C water bath, and the dried residue was redissolved in 50 L of sodium bicarbonate buffer (100 mmol/L, pH 10.5). To derivatize the samples, we then added an equal volume of 1 g/L dansyl chloride in acetone, vortex-mixed each sample for 1 min, and incubated the samples in a heating block at 60°C for 3 min. Immediately thereafter, the samples were transferred to autosampler glass vials, sealed, and assayed.
lc-ms/ms
The chromatographic separation was performed on 150 ϫ 2.0 (i.d.) mm Phenomenex Synergi 4Max-RP columns. The mobile phase consisted of two eluents, solvent A (950 mL/L acetonitrile-50 mL/L H 2 O containing 1 mL/L formic acid) and solvent B (50 mL/L acetonitrile-95 mL/L H 2 O containing 1 mL/L formic acid), delivered at a flow rate of 0.6 mL/min. We injected 15 L of sample into the LC-MS/MS, after which the injector was washed with three postinjection washes with 750 mL/L methanol-250 mL/L H 2 O. The total run time was 5 min. During the first 0.1 min, we held the initial conditions at 50% solvent A. This was followed by a fast linear gradient to 95% solvent A over the next 0.6 min. These conditions were maintained for 1.8 min, before the system was returned to the initial proportion of 50% solvent A over the following 1.5 min and maintained this for the final 1 min of each run.
Once we had selected the ion pairs for each of the derivatized estrogens and internal standards, we optimized the instrument settings for maximum signal, using the autotune feature of the instrument software. Results were generated in positive-ion mode with the following optimized voltages: declustering potential, 60 V; focusing potential, 220 V; entrance potential, 10 V; collision energy potential, 50 V; and exit potential, 10 V. Gas settings were as follows: nebulizer gas, 8; curtain gas, 8; and CAD, 10. Nebulizer current was optimum at 3 A. Nitrogen was used as the collision gas in the Q 2 collision cell. Before MS/MS experiments, mass calibration and resolution adjustments were performed on both quadrupoles by an infusion of polypropylene glycol.
All data were acquired and processed with Analyst Software, Ver. 1.2 (ABI-Sciex). A seven-point calibration curve was included with each assay, using calibrator concentrations from 10 to 600 ng/L for either analyte, corresponding to 37-2222 pmol/L for E1 and 36.7-2205 pmol/L for E2, and was used in conjunction with the internal standards to calculate unknown analyte concentrations.
basic assay performance characteristics
We determined the critical limit and the detection limit of our assay as suggested by the IUPAC guidelines based on statistical calculations (32 ) . The basic assay performance characteristics are defined as critical limit, detection limit, limit of quantification (functional sensitivity), and upper limit of the detectable range. Ten replicate measurements each of blanks were used to determine the critical concentrations for E1 and E2, defined as the measurement values below which there is Ͼ95% certainty that no analyte is present. Similarly, the detection limits were established as the lowest analyte concentrations that could be distinguished from the absence of analyte with Ͼ95% certainty, based on 10 replicate experiments each on low amounts of added E1 and E2. The limits of quantification (functional assay sensitivities) were, in agreement with common clinical laboratory practice, arbitrarily set at the lowest analyte concentration that could be measured in actual patient samples with an interassay CV Ͻ20%. The upper limits of the reportable ranges were arbitrarily defined as 2222 pmol/L (600 ng/L) for E1 and 2205 (600 ng/L) for E2, the values of the highest calibrators for either E1 or E2 included in the assay.
extraction efficiency, recovery, precision, linearity, and interferences
We assessed the extraction efficiency by comparing the peak areas of derivatized d 4 -E1 and d 5 -E2 internal standards in extracted samples with internal standard of the same concentration that was not extracted but was simply dried down and derivatized.
To determine recoveries, we added E1 and E2 at four concentrations [74, 148, 370, and 1480 pmol/L (20, 40, 100, and 400 ng/L)] to each of three serum samples containing endogenous amounts of both estrogens. We then calculated the percentage recovery as a measure of accuracy as follows: (observed value Ϫ baseline value)/amount added ϫ 100.
For assessment of assay precision, serum pools were prepared at various concentrations, aliquoted, and stored at Ϫ20°C until ready to assay. The intraassay precision was determined by extracting and assaying 18 separate aliquots of each pool in a single batch. Interassay precision was determined by testing a single aliquot of each pool in 20 consecutive assays.
We used two methods to determine assay linearity. In the first method, we used linear regression to compare the E1 and E2 calibrator concentrations plotted against the analyte:internal standard area ratio for five consecutive assays. In the second method, we assayed different amounts of sample material (500, 200, 100, 50, and 25 L) from three specimens. The E1 and E2 values obtained from the 500-L sample were used as the basis to calculate expected values for the respective lower sample volumes. The percentage of observed/expected was then calculated for each dilution and used as a measure of linearity.
To determine cross-reactivity, we added various amounts of E1, E2, estriol, ethinylestradiol, and E1 sulfate to a sample pool with previously measured E1 and E2 concentrations. More than 100 unselected samples from patients, as opposed to healthy volunteers, were also assayed to detect potential drug-or disease-related interferences. Any additional peaks, broadening of the main peak, significant increase in background, or significant difference between the heights of the E1 and E2 internal standards were interpreted as potential interferences.
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We divided each sample from five volunteers into two sets: one set was stored at ambient temperature and the other at 4°C. On days 0, 3, and 7, an aliquot of each sample type from each temperature set was removed and stored at Ϫ20°C. All samples from an individual donor were then thawed and assayed at the same time. Freezethaw studies were also performed on serum, EDTA plasma, and heparin plasma from the five donors, comparing aliquots that had been through one, two, or three freeze-thaw cycles with a refrigerated aliquot of the same sample.
estimation of reference intervals
We measured E1 on E2 in 122 healthy female and 32 healthy male volunteers without regard to age, gender, menopausal status, or phase within the menstrual cycle. We excluded women on hormonal contraceptives and those receiving female hormone replacement therapy.
method comparison
LC-MS/MS E2 measurements were compared with (a) an automated direct immunoassay of moderate sensitivity (E2-Assay1, ADVIA Centaur; Bayer Corporation), (b) a high-sensitivity automated immunoassay (E2-Assay2, Vitros ECi; Ortho-Clinical Diagnostics), (c) an enhancedsensitivity automated immunoassay (E2-Assay3, inhouse-modified ACS:180; Bayer Corporation, which includes organic extraction and concentration), and (d) an outside E2 RIA, which includes preassay organic extraction and Sephadex LH-20 chromatography (Esoterix Endocrinology).
For method comparison with E2-Assay1, we determined the E2 values by LC-MS/MS for 42 patient samples that had previously been assayed on E2-Assay1. For the comparison between LC-MS/MS and E2-Assay2, we used serum samples from 118 of the "healthy donor" volunteers. The comparison between LC-MS/MS and E2-Assay3 was performed on 59 patient samples. In 50 of these 59 samples, E2 was Ͻ150 pmol/L (40.5 ng/L). We used 50 patient samples for the comparison of LC-MS/MS and the RIA with an extraction step. Ten of these had also been assayed with E2-Assay3.
E1 measurements by LC-MS/MS were compared with a direct RIA (Estrone; Diagnostic Systems Laboratories Inc.) for 36 patient samples that spanned the E1 reference interval and included some moderately increased E1 concentrations.
We also compared E1 measurements by LC-MS/MS for 20 patient samples with an extraction-based immunoassay performed in an outside laboratory (Esoterix Endocrinology), which performs individual E1 assays by RIA after extraction and Sephadex LH-20 chromatography.
We performed full regression (Deming) and BlandAltman analyses for all method comparisons. For the lower portions of the analytical ranges, those parts that showed marked differences in the Bland-Altman plots were subjected to additional, separate regression analysis.
Results

lc-ms/ms characteristics of e1 and e2
The full-scan MS spectrum in positive-ion mode for the E2 peak on a column was obtained by injecting a 250 g/L solution of 3-dansyl-estradiol and is shown in Fig. 1 Fig. 2 . The derivatized E1 and E2 are separated chromatographically, which is necessary to achieve sensitivity by preventing ion suppression and any cross-talk from impurities (33 ) . There was no indication of ion suppression at 3 min of elution: the peak area of the serum-extracted and unextracted internal standards and analytes were equal within the experimental error limits. The chosen column, flow rate, and gradient optimized the separation, while still allowing for a reasonable run time of 5 min. Retention times were 3.0 and 3.2 for the derivatives of E2 and E1, respectively. A signal-to-noise ratio of 10:1, as defined by the Analyst software as (analyte peak intensity)/(2 ϫ SD of the noise), was observed for both E2 and E1 in an extract of a calibrator with a concentration of 37 pmol/L (10 ng/L).
basic assay performance characteristics
The critical analyte concentration for E1 was 4.4 pmol/L (1.2 ng/L), and the detection limit was 12.9 pmol/L (3.5 ng/L), giving a detection range of 12.9 -2222 pmol/L (3.5-600 ng/L). The CV of the replicates with added analyte at the detection limit was 27%. The functional assay sensitivity for E1 was Ͻ44.1 pmol/L (11.9 ng/L), but could not be determined more precisely because the lowest E1 concentration in an actual patient sample available was 44.1 pmol/L (11.9 ng/L; interassay CV ϭ 12%). For E2 the critical concentration was 6.2 pmol/L (1.7 ng/L), the detection limit was 10.3 pmol/L (2.8 ng/L; CV for replicates ϭ 13%), the detection range was 10.3-2205 pmol/L (2.8 -600 ng/L), and the functional sensitivity was 23.2 pmol/L (6.3 ng/L). extraction efficiency, recovery, precision, linearity, and interferences
The sample extraction efficiency was essentially 100%, as estimated by comparing the mean peak areas of extracted and unextracted internal standards, and these areas agreed within the margins of experimental error.
The recoveries of known amounts of analyte added to samples ranged from 93% to 108% (mean, 100%) for E1 and from 100% to 110% (mean, 105%) for E2.
Intraassay CV for E1 ranged from 9% at a concentra- Similar scan spectra were obtained for E1, d5-E2, and d4-E1 with parent ions at m/z 504, 511, and 508, respectively. The daughter ions m/z 171 were the same because the cleavage site is the same for all the dansyl derivatives of estrogens. Derivatized estrogens were injected on the column under HPLC conditions rather than infusion to circumvent the dansyl chloride background signal in the scanning mode.
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ng/L for either analyte, corresponding to 37-2222.4 pmol/L for E1 and 36.7-2205.6 pmol/L for E2), plotted against the ratio of analyte/internal standard areas for five consecutive assays, showed a linear and reproducible curve for each estrogen (r 2 ϭ 0.995 for E1 and 0.996 for E2). The sample-dilution series showed linear recoveries between 72% and 108% (mean, 95.1%) of expected values for E1 and between 83% and 111% (mean, 98%) for E2.
No E2 was detected when pure E1 was assayed, and vice versa. We observed no effect on the measured endogenous E2 concentration after addition of 7.408 nmol/L (2 g/L) E1 to samples before extraction. Likewise, addition of 7.352 nmol/L (2 g/L) E2 had no effect on the measured E1 concentration, whereas addition of 6.936 nmol/L (2 g/L) estriol had no effect on the measurement values of either E1 or E2. We did observe a small effect of adding 6.748 nmol/L (2 g/L) of ethinylestradiol to a sample containing a low E2 concentration of 70.4 pmol/L (19 ng/L), which increased to 92.6 pmol/L (25 ng/L). E1 sulfate added at an extremely high concentration of 546 nmol/L (200 g/L), had no effect on the measured E2 concentrations but did increase the measured E1 by 368 pmol/L (100 ng/L). We suspect that this is most likely attributable to contamination of the E1 sulfate source material by small amounts of E1. We had observed random contamination of samples by internal standard or E2 from high-concentration stocks used and prepared in the laboratory. Revised work practices of preparing stocks in isolation and in the hood have easily overcome this problem, and we have not observed any similar events in the many hundreds of samples tested since then.
specimen-type suitability and stability
We observed no significant differences among, serum, EDTA plasma, and sodium heparin plasma. The mean differences between EDTA samples and serum samples were Ϫ5.6% for E1 and Ϫ5.9% for E2, whereas the corresponding values for the comparison of heparin samples to serum samples were Ϫ4.5% for E1 and Ϫ0.9% for E2. The samples were stable at 4°C or ambient temperature for at least 7 days, with E1 values at day 7 for samples stored at ambient temperature differing from day 0 values by 4.0%, 5.7%, and 5.8% for serum, EDTA plasma, and heparin plasma, respectively. Day 7 E2 values differed from day 0 values by 2.5%, 4.0%, and 1.8% for serum, EDTA plasma, and heparin plasma, respectively. E1 and E2 were stable for at least three freeze-thaw cycles, with values after three cycles differing from baseline by a mean of Ϫ5.3% for E1 and 2.6% for E2.
estimation of reference intervals
Age-adjusted estimated reference intervals for E1 and E2 in men and women are shown in Fig. 3 
method comparison
All three automated E2 immunoassays (E2-Assay1, E2-Assay2, and E2-Assay3) demonstrated good overall correlation with the LC-MS/MS E2 assay (r 2 ϭ 0.89 -0.96), and slopes were between 0.75 and 0.88 (Fig. 4, A1, B1 , and C1). However, at low E2 concentrations, the two direct E2 assays showed poor agreement with LC-MS/MS E2 measurements. E2-Assay1 showed no significant correlation with the LC-MS/MS E2 values for all concentrations Ͻ300 pmol/L (81 ng/L), whereas results obtained with E2-Assay2, although still correlated with LC-MS/MS E2 results, differed increasingly from LC-MS/MS for measurements Ͻ200 pmol/L (54 ng/L; adjusted r 2 ϭ 0.39; Fig. 4, A1 and B1 ). The divergent results at the lower E2 concentrations were predominately attributable to substantially higher E2 concentrations measured by the immunoassays compared with the LC-MS/MS assay (Fig.  4, A2 and B2) . The in-house immunoassay (E2-Assay3) with enhanced sensitivity based on E2 extraction, agreed well with the LC-MS/MS E2 assay down to E2 concentrations of ϳ50 pmol/L (13.5 ng/L), but correlated weakly at lower concentrations (Fig. 4, C1 and C2 ). The RIA (with a sample extraction step) from another reference laboratory showed excellent overall correlation (adjusted r 2 ϭ 0.97), with a slope of 0.86. At concentration Ͻ200 pmol/L (54 ng/L) the two assays correlated only modestly (Fig. 4,  D1 and 4D2) .
Clinical Chemistry
E1 results obtained by direct RIA correlated moderately well with E1 measurements by LC-MS/MS (adjusted r 2 ϭ 0.67; Fig. 5 , A1 and A2), whereas E1 measurements by the RIA method that used a sample extraction step showed good to excellent agreement with LC-MS/MS (adjusted r 2 ϭ 0.93), although with a modest systematic downward bias of ϳ20% across the measurement range (Fig. 5, B1 and B2 ).
Discussion
We describe a LC-MS/MS assay for simultaneous measurement of E1 and E2 with sensitivities that exceed those of most immunoassays, including many high-sensitivity immunoassays. The inclusion of stable-isotope internal standards in each sample allows accuracy and reproducibility similar to those of a reference method. It appears to be largely free of interference or cross-reactivity, a problem that continues to affect even estrogen immunoassays that incorporate sample extraction, as demonstrated in our method-comparison study. Unlike high-and ultrahigh-sensitivity manual immunoassays, which achieve comparable or better sensitivities but require substantial manual labor and prolonged incubation times, our LC-MS/MS assay is fast, with little hands-on time despite the need for sample extraction and derivatization. Moreover, many of the front-end sample-processing steps can be automated by use of robotic workstations, making this assay suitable for high-throughput, short turnaround time applications that require high-sensitivity E1 or E2 measurements.
By contrast, most commercial estrogen immunoassays are unsuitable for clinical applications that require a low detection limit, e.g., E2 measurements in men or children or monitoring of gonadotropin-analog-mediated pituitary-gonadal axis down-regulation before in vitro fertilization and embryo transfer (35 ) . The predominant E2 assays used in the modern clinical laboratory, direct automated immunoassays, lack sensitivity and are subject to interference by cross-reacting substances (36, 37 ) . Many of these assays claim detection limits for E2 of as low as 40 pmol/L (10.8 ng/L), but as our method comparison data show, the results obtained by at least some immunoassays are inaccurate, and the assays lack specificity at these low concentrations. In daily practice, most of these assays also are imprecise at E2 concentrations Ͻ200 -250 pmol/L (ϳ60 ng/L). Manufacturers of immunoassays often cite only assay detection limits in package inserts and do not mention functional sensitivities, which can be 4 -10 times higher than the detection limit. Furthermore, our methodcomparison data suggest that there is a systematic tendency for immunoassays to be down-calibrated, presumably to correct somewhat for the higher values observed at low estrogen concentrations because of interference and limited assay sensitivity (Figs. 4 and 5) . Unfortunately, this does little to correct the fundamental problems of direct automated E2 immunoassays at low analyte concentrations, but simply superimposes a systematic downward bias on the results. Because this bias varies from manufacturer to manufacturer, E2 results obtained with different immunoassays seldom agree with each other. To address this issue, isotope-dilution GC-MS has been recommended as a reference method (38 ) .
Immunoassays that incorporate sample extraction can overcome some of these problems, in particular the lack of sensitivity. Indeed, the most sensitive commercial E2 assays are immunoassays that use manual extraction with prolonged incubation times. Some of these assays have reported detection limits of ϳ1 pmol/L (39 ). Extraction and column chromatography can also reduce cross-reactivity, but as our method-comparison data show, they clearly do not eliminate it. High-sensitivity manual E2 immunoassays also share the problems of poor standardization that affect automated assays. Finally, high-sensitivity E2 immunoassays are typically labor-intensive, slow, and involve radioisotopes, characteristics that are all deemed undesirable in modern laboratories.
Chromatographic methods have been considered as an alternative to immunoassays, but these methods also have various limitations. Conventional HLPC-based methods have been reported, but they perform poorly in terms of turnaround time and sensitivity (40 ) . GC-MS methods for the quantification of E2 in human serum samples represent the recognized gold-standard method, but their value in a clinical situation is restricted (25, 41, 42 ) . The complexity of the serum matrix requires purification and concentration of estrogens before derivatization for GC-MS analysis. The common methods for purification are solvent-solvent and solid-phase extractions. Some other approaches use affinity columns, purification with Sephadex LH-20, strong ionic exchangers, weak ionic exchanger and reversed-phase HPLC, or various combinations of these methods. In addition to the extraction and derivatization process, reported run times for GC-MSbased estrogen assays may be as long as 45 min/sample and are rarely Ͻ15 min/sample. Finally, the reported GC-MS methods for E2 not only lack high-throughput capabilities but also have insufficient sensitivity to challenge modern immunoassays for routine clinical use.
LC-MS/MS has been recognized for some time as a method that, when used in conjunction with isotopic calibrators, combines the reference methodology nature of GC-MS with higher throughput and improved sensitivity (29, 30 ) . However, E1 and E2 are poor ionizers, seriously limiting the sensitivity of LC-MS/MS for underivatized samples (31 ) . As far as we are aware, there has only been a single report in the literature that suggested that acceptable assay sensitivity could be achieved for E2 in a serum matrix (43 ) . Unfortunately, in our laboratory we have not been able to reproduce these results, despite using superior instrumentation. Although the lowest achievable sensitivity for underivatized E1 of 37 pmol/L (10 ng/L) was acceptable, E2 ionization was so poor that we were unable to exceed a functional sensitivity of 370 pmol/L (100 ng/L) for this analyte. Derivatization with dansyl chloride overcame this problem without significantly increasing the complexity or time requirements of preanalytical sample preparation. The described method does not have any known cross-reactivity, the high specificity being attributable to monitoring of parent/daughter ions. Although chromatography prolongs the run time to 5 min, it provides additional specificity, prevents ion suppression (33 ) , and allows fractionation of estrogens into E1 and E2 with their simultaneous detection.
The additional information that is provided by the high-sensitivity E1 measurement might be useful in certain clinical situations. For example, in obese postmenopausal women, the fraction of androstenedione converted to E1 increases, yielding enough estrogen to produce endometrial proliferation and bleeding. In men, E1 concentrations may be of value in the investigation of gynecomastia or the detection of estrogen-producing tumors. With regard to E2 measurement, our assay is suitable for most high-sensitivity applications, such as accurate measurement of E2 in men, most children, and the majority of postmenopausal women.
The sensitivity of the LC-MS/MS E2 assay is currently not sufficient with the present instrumentation for situations requiring determination of E2 concentrations between 1 and 10 pmol/L (15 ) . There are some clinical and research applications falling into this category. These include some pediatric applications and monitoring of complete medical estrogen suppression as is used, for example, in some experimental adjuvant breast cancer therapies. However, because each successive generation of LC-MS/MS instruments has improved in sensitivity by a factor of 5-10, we would expect that these applications should become feasible within the next few years. Finally, turnaround time, although reasonably quick, may also be insufficient for some in vitro fertilization applications, but front-end automation might be able to overcome this limitation.
In addition to its potential clinical usefulness, estrogen measurement by LC-MS/MS could be used in qualityassurance programs to accurately determine the E2 value of the survey material, allowing improved assessment of the accuracy of E2 immunoassays used in participating laboratories. The LC-MS/MS method is not limited to a particular MS/MS instrument, but is portable to other LC-MS/MS platforms. Indeed, our method had sensitivity and specificity comparable to those for the Quattro micro tandem mass spectrometer (Micromass).
In summary, we have developed a highly sensitive method for the simultaneous measurement of E1 and E2 in human serum by LC-MS/MS after derivatization with dansyl chloride. Measurement of E1 and E2 by LC-MS/MS is precise and accurate down to 15-20 pmol/L (5-10 ng/L). With a 5-min run time, the assay is a good alternative to immunoassays in the clinical reference laboratory. Compared with other reference methodologies, such as isotope-dilution GC-MS methods, the LC-MS/MS method has substantially higher throughput and sensitivity while offering at least equal specificity.
